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Novel antibacterial calcium phosphate nanocomposite with long-term ion
recharge and re-release to inhibit caries
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Short-term studies on calcium-phosphate (CaP) ion-rechargeable composites were reported. The long-term rechargeability is important
but unknown. The objectives of this study were to investigate nanocomposite with strong antibacterial and ion-recharge capabilities
containing dimethylaminododecyl methacrylate (DMAHDM) and nanoparticles of amorphous calcium phosphate (NACP), and
evaluate long-term ion-recharge by testing for 12 cycles (taking 6 months to complete) for the first time. Three groups were tested: (1)
Heliomolar control; (2) Resin+20%NACP+50%glass; (3) Resin+3%DMAHDM+20%NACP+50%glass. Biofilm acid and colony-forming
units (CFU) were measured. Ion-recharge was tested for 12 cycles. NACP-DMAHDM composite reduced biofilm acid, and reduced
CFU by 4 logs. High levels of ion releases were maintained throughout 12 cycles of recharge, maintaining steady-state releases
without reduction in 6 months (p>0.1), representing long-term remineralization potential. Bioactive nanocomposite demonstrated
long-term ion-rechargeability for the first time, showed remineralization and potent anti-biofilm functions, with promise for tooth
restorations to combat caries.
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INTRODUCTION

Resin composites are the most frequently used direct
restorative material due to their conservative removal
of tooth structure, improved esthetics, and direct-
filling capabilities?. However, composites still present
some serious drawbacks, including recurrent caries,
restoration fracture, and marginal leakage®. Marginal
leakage allows for bacterial entry, proliferation, and
production of acids, subsequently resulting in recurrent
caries. Moreover, composites favor the accumulation of
biofilms/plaque®*® when compared to other restorative
materials?. Previous studies have shown that plaque
associated with composite restorations tends to favor
the adherence of the more cariogenic bacteria, including
mutans streptococci and lactobacilli. Composites can
accumulate more biofilm leading to tooth structure
demineralization and recurrent caries at the tooth-
restoration interface, which is 3.5 times more common
with composites than with amalgam?. Recurrent caries
is considered one of the two main reasons to replace
an existing restoration®®, followed by restoration
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fracture®'?. The replacement of failed dental restorations
constitutes approximately 50 to 70% of performed
operative dental procedures®!?, which involves removal
of additional tooth structure, resulting in a weaker tooth
that is more susceptible to fracture'?.

Therefore, there is a strong need to develop a
new generation of bioactive dental composites with
antibacterial ~and  remineralization  abilities®'?.
Quaternary ammonium methacrylates (QAMs) were
synthesized and incorporated into resins to produce
antibacterial effects'*!®. QAMs are a class of cationic
compounds with a broad-spectrum antimicrobial
effect'”®. The alkyl chain length (CL) of quaternary
ammonium compounds has been correlated with
their  antibacterial effectiveness!®??, Recently,
dimethylaminohexadecyl methacrylate (DMAHDM) with
a CL of 16 was synthesized and shown to have stronger
antibacterial properties than QAMs with shorter CLs?.
DMAHDM has been incorporated into composites and
adhesives that showed potent antibacterial properties
against a wide range of oral pathogens??:21:23-26),

Another way to combat dental caries is through the
application of remineralizing materials that can release
calcium (Ca) and phosphate (P) ions, which constitute
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the major mineral component of the tooth structure.
Nanoparticles of amorphous calcium phosphate (NACP)
were synthesized and previously incorporated into
composites that promoted tooth remineralization through
the release of high levels of Ca and P ions?? especially in
challenging acidic environments where they are most-
needed?. NACP composite had the capability of being
repeatedly recharged to provide ion re-release, thereby
demonstrating a long-term remineralization potential?®3?.
A previous study showed the rechargeability of Ca and P
ions for a NACP containing composite through six cycles
of recharge and re-release taking 48 days to complete®”.
However, that rechargeable NACP composite had no
antibacterial properties®. The rechargeability of protein-
repellant adhesive®?, protein-repellant nanocomposite®?
and antibacterial EBPM composite?” were investigated
through only three cycles of recharge and re-release
cycles taking 45 days to complete. To date, there has
been no report on the long-term Ca and P ion recharge
and re-release capabilities that extend beyond 6 cycles
of recharge and re-release with time periods longer than
48 days.

The objective of this study was to investigate the long-
term Ca and P ion release and remineralization potential
of a bioactive NACP-DMAHDM composite by evaluating
12 cycles of recharge and re-release which took 6 months
to complete, for the first time. It was hypothesized that:
(1) The long-term Ca and P ion recharge and re-release
would not be compromised by the addition of DMAHDM,;
(2) The rechargeable NACP-DMAHDM composite
would have much less biofilm growth and lactic acid
production, compared to groups without DMAHDM; (3)
The new bioactive composite would provide long-term
remineralization with maintained Ca and P ion release
throughout the 12 cycles of recharge and re-release.

MATERIALS AND METHODS

Fabrication of composite containing DMAHDM

The resin matrix consisted of 49.5% ethoxylated
bisphenol A dimethacrylate (EBPADMA; Esstech,
Essington, PA, USA) and 49.5% pyromellitic glycerol
dimethacrylate (PMGDM; Esstech) (all mass % unless
specified otherwise). In addition, 0.2% camphorquinone
and 0.8% ethyl 4-N,N-diethylaminobenzoate were added
for light-cure activation. This resin was referred to as
EBPM?,

DMAHDM was synthesized using a modified
Menschutkin reaction, in which a tertiary amine
group was reacted with an organ-halide®”. Briefly,
10 mmol of 2-(dimethylamino) ethyl methacrylate
(DMAEMA; Sigma-Aldrich, St. Louis, MO, USA),
10 mmol of 1-bromododecane (BDD, TCI America,
Portland, OR, USA), and 3 g of ethanol were combined
in a vial, which was stirred at 70°C to react for 24 h.
When the reaction was completed, the ethanol solvent
was eliminated by evaporation to yield a colorless,
clear and viscous DMAHDM liquid?®?. DMAHDM was
incorporated into EBPM at a mass fraction of DMAHDM/
(EBPM+DMAHDM)=10%. A total filler mass fraction of

70% was incorporated into the resin matrix as described
below, thus resulting in a 3% DMAHDM mass fraction
in the final composite, following a previous study??.

A spray-drying technique was used to synthesize
NACP by dissolving 0.8 g of calcium carbonate and 5.094
g of di-calcium phosphate anhydrous in 1.5125 g of acetic
acid. The Ca and P ionic concentrations were 8 and
5.333 mmol/L, respectively. This solution was sprayed
into a heated chamber of the spray-drying machine, and
then an electrostatic precipitator was used to collect the
dried NACP particles. The NACP had a Ca/P molar ratio
of 1.5, similar to that of ACP [Ca3(PO,):]?®. The mean
particle size was 116 nm?®.

Silanized barium boroaluminosilicate glass particles
with a median size of 1.4 um (Caulk/Dentsply, Milford,
DE, USA) were used for mechanical reinforcement of
the composite. The total filler mass fraction in the resin
was 70%, including 20% NACP and 50% glass, which
were readily mixed into the resin mixture using a Speed-
Mixer (DAC 150.1, FlackTek, Landrum, SC, USA) to
produce a cohesive composite paste.

A commercial composite (Heliomolar, Ivoclar,
Ontario, Canada) was used as a comparative control.
It contained 66.7% nano-fillers of 40 to 200 nm of
silica and ytterbium-trifluoride with fluoride-releasing
capabilities.

Three groups of composites were included in the
subsequent experiments:

(1) Heliomolar (referred to as commercial control

composite);

(2) Rechargeable NACP composite: 30% EBPM+20%
NACP+50% glass (referred to as Rechargeable
NACP);

(3) Rechargeable antibacterial NACP-DMAHDM
composite: 27% EBPM+3% DMAHDM+20%
NACP+50% glass (referred to as Rechargeable
NACP-DMAHDM).

Flexural strength and modulus of elasticity

Stainless steel molds of 2xX2x25 mm were used to fabricate
samples for measurements of flexural strength and
modulus of elasticity. Each composite paste was placed
into a mold, covered with Mylar strips and light-cured
(Triad 2000, Dentsply, York, PA, USA) for 1 min on each
side. The irradiance of the Triad 2000 curing unit was
previously calculated to be 65 mW/cm?®», Specimens were
incubated in an oven at 37°C for 24 h. Flexural strength
and elastic modulus were measured using a three-point
flexural test with a 10 mm span at a crosshead-speed of
1 mm/min on a computer-controlled Universal Testing
Machine (56500R, MTS, Cary, NC, USA)?*39  Flexural
strength S was calculated by: S=3P,...L/(2bh?), where
P... is fracture load, L is span, b is specimen width
and A is specimen thickness. Elastic modulus E was
calculated by: E=(P/d) (L*/[4bh%]), where load P divided
by displacement d is the slope in the linear elastic region
of the load-displacement curve?*39,

Composite surface roughness
Composite bars with approximately 2X2X12 mm
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dimensions were used for surface roughness assessments
before starting the ion release and recharge. The average
surface roughness (R,, pm) was measured with a Mitutoyo
(SJ-310 SURFTEST, Kanagawa, dJapan) surface
roughness tester following a previous study (n=6)". In
a previous study, composite surfaces produced using
Mylar strips showed surface roughness values that were
not significantly different from the Enhance/BisCover
finishing protocol®®. Both the Enhance/Biscover and
the Mylar strip-formed surfaces were much smoother
than other surfaces produced by various finishing
and polishing procedures®®. Therefore, in the present
study, the surface roughness measurement was done
on composite surfaces produced using Mylar strips. The
surface roughness device had a 5 um stylus tip radius.

Samples for biofilm testing

Sample disks were fabricated using molds with a
diameter of 9 mm and thickness of 2 mm. Disks were
light-cured (Triad 2000, Dentsply) for 1 min on each
side?”. The cured disks were immersed in distilled
water and magnetically stirred at 100 rpm for 1 h to
remove the initial burst of uncured monomers, following
previous studies®*?. The disks were then sterilized
with ethylene oxide (AnproleneAN 74i, Andersen, Haw
River, NC, USA) and degassed for 7 days following the
manufacturer’s instructions.

Bacteria inoculation and biofilm formation

The bacterial experiments were approved by the
University of Maryland, Baltimore Institutional Review
Board. S. mutans biofilm was selected in the current study
because S. mutans is one of the main pathogenic bacteria
highly associated with secondary caries formation
around composite restorations??. S. mutans showed its
ability to create an aggressive plaque biofilm and acidify
the local plaque environment, all of which contributed
to caries formation*'*?, S. mutans was obtained from
the American Type Culture Collection (ATCC 700610,
UA159, Manassas, VA, USA). S. mutans was inoculated
in brain heart infusion broth (BHI, Difco, Sparks, MD,
USA) at 37°C under aerobic condition (5% COy) for 16
h and then adjusted to 107 colony-forming units (CFU)/
mL using a spectrophotometer (Genesys 10S, Thermo
Scientific, Waltham, MA, USA) based on the OD 600 nm
versus CFU/mL. This adjusted suspension was used as
the inoculum.

Composite disks were placed in a 24-well plate filled
with 1.5 mL of BHI supplemented with 1% sucrose and
the adjusted S. mutans inoculum. After 24 h, the disks
with adherent biofilm were transferred to a new 24-well
plate filled with fresh medium, according to a previous
study*®. Biofilms on disks were grown for 48 h to form
relatively mature biofilms.

Live/dead staining assay

Composite disks with 48 h biofilm were gently washed
three times with phosphate buffered saline (PBS), then
stained with Live/Dead Baclight bacterial viability kits
following the manufacturer’s instructions (Molecular

Probes, Eugene, OR, USA)***, SYTO 9 and propidium
iodide were mixed at 1:1 ratio and used to stain the
disks for 15 min. Live bacteria were stained with
SYTO 9 to radiate a green fluorescence. Dead bacteria
with compromised cell membrane were stained with
propidium iodide to radiate a red fluorescence.

Images of stained disks were captured with an
inverted epifluorescence microscope (TE2000-S, Nikon,
Melville, NY, USA). The images were captured with the
red and green fluorescence filters separately and then
overlaid to become a single image. The time and location
of the captured images (green and red fluorescence) were
kept constant. Three composite disks before ion release
and recharge were tested for each group.

In addition, to assess the antibacterial activity after
the 12 cycles of recharge and re-release, the composite
bars from the recharge and re-release tests were used
for bacterial viability via the Live/dead staining assay
(n=4) for the rechargeable NACP composite and the
rechargeable NACP-DMAHDM composite. After the 12
cycles, the composite bars were sterilized with ethylene
oxide (AnproleneAN 74i) and degassed for 7 days
following the manufacturer’s instructions. S. mutans
inoculum in brain heart infusion broth was adjusted
on OD 600 to 107 colony-forming units (CFU)/mL using
a spectrophotometer (Genesys 10S). The composite
bars were placed in a 24-well plate filled with 1.5 mL
of inoculum. After 24 h, the bars with adherent biofilm
were transferred to a new 24-well plate filled with fresh
medium and cultured for another 24 h, totaling 2 days of
culture. The 2-day biofilms on composites were used for
live/dead staining.

Biofilm CFU counts

Disks with 2-day biofilms were transferred into a new
24-well plate filled with 1 mL PBS. The biofilm was
harvested by scraping and sonication/vortexing (Fisher,
Pittsburg, PA, USA), according to previous studies?*2V,
The suspensions were serially diluted and spread on
BHI agar plates to evaluate the number of S. mutans
colonies. After 48 h incubation at 37°C in 5% COs,, the
number of colonies was counted and used with the
dilution factor to determine the CFU counts.

Lactic acid production by biofilms

Disks with 2-day biofilms were washed three times
with PBS, and then immersed in a 24-well plate filled
with 1.5 mL of buffered peptone water (BPW; Sigma-
Aldrich) supplemented with 0.2% sucrose. The 24-well
plate was incubated at 37°C in 5% CO, for 3 h2!'??,
The lactate concentrations produced by biofilms were
determined using an enzymatic method via the lactate
dehydrogenase approach. This was accomplished by
measuring the absorbance at an OD 340 nm using a
microplate reader (SpectraMax M5, Molecular Devices,
Sunnyvale, CA, USA) with known lactic acid standards
(Supelco Analytical, Bellefonte, PA, USA) and calibration
curves, according to previous studies??? (n=>5).
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Measurement of Ca and P ion release from NACP
composite

For ion release measurements, only group 2 and 3 were
tested for Ca and P ion release, the commercial control
composite was not included as it is not expected to
release Ca and P ions. To simulate a cariogenic condition
in the oral cavity, a sodium chloride (NaCl) solution
(133 mmol/L) buffered to pH 4 using 50 mmol/L lactic
acid was used to measure the ion release?®*). Three
specimens of approximately 2X2X12 mm were immersed
in 50 mL of NaCl solution. This had a specimen volume/
solution of 2.9 mm?*mL, following previous studies?9,
Ca and P ion concentrations released from the specimens
were measured at 1, 3, 5, 7, 14, 21, 28, 35, 42, 49, 56,
63 and 70 days*+®. At each time point, aliquots of 0.5
mL were removed and replaced by fresh solution®”. The
aliquots were analyzed for Ca and P ion concentrations
using a spectrophotometric method (DMS-80 UV-vis,
Varian, Palo Alto, CA, USA) via known standards and
calibration curves (n=8)3°*9, The measured ion releases
are stated as the “initial release”, to distinguish it from
the recharge and re-release in the section below.

Ca and P ion recharge and re-release

After the completion of the initial ion release for 70 days,
the same specimens were used for the recharge and re-
release test. The Ca ion recharge solution contained
20 mmol/LL CaCl; and 50 mmol/Li of 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES) buffer, while
the P ion recharge solution contained 12 mmol/LL KHPO,
and 50 mmol/. HEPES buffer. Both solutions were
adjusted to pH 7 using 1 mol/L. KOH*?. Three specimens
of approximately 2x2x12 mm were immersed in 5 mL
of the Ca or P solution and gently agitated for 1 min
on a vortex machine (Analog Vortex Mixer, Fisher
Scientific, Waltham, MA, USA) at a power level of 3 in
order to simulate the mouthwash usage action. Then the
specimens were rinsed with distilled water for 1 min to

remove any loosely attached ion deposits on specimen
surfaces. Following previous studies, the recharge was
repeated three times at 9:00 am, 1:00 pm and 5:00 pm for
one day, for a total of 3 min of recharge®**®. Then these
recharged specimens were immersed into a 50 mL NaCl
(133 mmol/L) solution at pH 4 to measure the ion re-
releases at 1, 3, 5, 7, 9 and 14 days?+*?. This constituted
one cycle of recharge and re-release. The second cycle
was then started by recharging the samples for another
3 min, and the ion re-releases were measured for another
14 days. Each cycle took 15 days, with the test of 12
cycles taking nearly half a year to complete.

Statistical analysis

Statistical analyses were performed with SPSS, version
25.0 (SPSS, Chicago, IL, USA) at an alpha of 0.05. One-
way analysis of variance (ANOVA) and Tukey’s multiple
comparison tests were used to detect the significant
effects of the variables. T-test was used for the analysis of
Ca and P initial ion release and recharge and re-release.
Each error bar represents a standard deviation (SD) and
serves as the estimate for measurement uncertainty.

RESULTS

Figures 1A and B plots the flexural strength and
modulus of elasticity of the three groups (mean+SD;
n=6). The three composites had equivalent mechanical
properties (p>0.05). The rechargeable NACP-DMAHDM
composite showed no significant difference in flexural
strength and modulus of elasticity when compared to
those without DMAHDM (p>0.05). This indicates that
adding DMAHDM and NACP did not compromise the
mechanical properties.

Figure 1C plots the composite surface roughness
(mean+SD; n=6). Adding 3% DMAHDM did not
significantly affect the roughness of the composite,
compared to that without DMAHDM (p>0.05). Both
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Fig. 1  Mechanical properties of composites.

(A) Flexural strength, (B) elastic modulus, and (C) Surface roughness of composites (mean+SD;
n=6). Adding 3% DMAHDM did not significantly affect the flexural strength, modulus of elasticity
and the surface roughness of the composite, compared to that without DMAHDM (p>0.1). Both the
rechargeable composites matched the properties of commercial control (p>0.1).
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rechargeable composites had a surface roughness
matching that of the commercial control composite
(p>0.05).

Representative live/dead images of 2-day biofilms
on the composites are presented in Fig. 2. Both the
commercial control and the rechargeable-NACP
composite with 0% DMAHDM were mostly covered
by live bacteria as represented by the green color. On
the other hand, the rechargeable NACP-DMAHDM
composite showed less live bacteria, and was mostly
covered by dead bacteria, represented by the red color.

The CFU counts are plotted in Fig. 3A for 2-day
biofilms on composites (meantSD; n=5). The CFU
counts on disks containing DMAHDM were about 3 to 4
orders of magnitude less than those without DMAHDM.

(A) Commercial Control

(B) Rechargeable-NACP

The rechargeable NACP-DMAHDM composites were
the most effective in reducing biofilms when compared
to the commercial control and the rechargeable NACP
composite without DMAHDM (p<0.05).

The level of bacterial lactic acid production is
plotted in Fig. 3B (mean+SD; n=5). Both the commercial
control and the rechargeable-NACP composite with
0% DMAHDM had a similar metabolic activity and
high lactic acid production (»>0.1). In comparison,
the rechargeable NACP-DMAHDM composite showed
significant reduction in lactic acid production of biofilms
(p<0.05).

Figure 4 presented the initial ion release of Ca and
P ions (mean+SD; n=8): (A) Ca ion release, and (B) P ion
release. There was no significant difference in Ca and P

(C) Rechargeable NACP-DMAHDM

Fig. 2 Representative live/dead staining images of 48 h biofilms on composites.
(A and B) Composite specimens without DMAHDM were fully covered by primarily live bacteria. (C) In comparison,
NACP-DMAHDM composite had markedly less live biofilms, and the biofilms presents mainly compromised

bacteria.
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(A) Colony-forming unit (CFU) counts, and (B) Lactic acid
production of 48 h biofilms on composites (meantSD; n=>5).
Biofilm CFU counts of 3% DMAHDM group were approximately
3 to 4 orders of magnitude lower than those on the other two
composites. Values with dissimilar letters are significantly
different from each other (p<0.05).
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Initial ion release from the virgin composites.

(A) Ca ion release, and (B) P ion release (mean+SD; n=8).
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Fig. 5 Ca and P ion recharge and re-release from the rechargeable NACP composites.

(A) Ca ion release, and (B) P ion release (mean+SD; n=4). Each recharge cycle was
followed by 14 days of continuous release without any recharge during those 14 days.
Twelve such cycles of recharge and re-release were tested for each composite, taking 6

months to complete.

initial ion release among the two groups (p>0.1) as both
showed increasing ion concentrations with time. At day
70, the rechargeable NACP-DMAHDM composite had
Ca ion release of 7.78+0.16 mmol/L and the P ion release
was 6.11+0.12 mmol/L.

The results of the twelve cycles of ion recharge and
re-release are shown in Fig. 5 (mean+SD; n=4): (A) Ca

ion re-release, and (B) P ion re-release. Both composites
had continuous ion release after each recharge. For
the Ca 1on release, the rechargeable NACP-DMAHDM
composite had ion release of 0.40+0.07 mmol/L by the
end of cycle six, and 0.36+0.02 mmol/LL by the end of
cycle 12 (p>0.1).

For the P ion release, the rechargeable NACP-
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(A) Rechargeable NACP
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Fig. 7

DMAHDM composite had ion release of 0.32+0.01
mmol/L by the end of cycle six, and 0.30+0.02 mmol/L
by the end of cycle 12 (p>0.1). There was a steady-state
of ion re-release from cycles 5 to 12, without significant
decrease with increasing the number of cycles (p>0.1).
Figure 6 plots the ion re-release at day 14 of each
cycle: (A) Ca ion re-release, and (B) P ion re-release
(mean+SD; n=4). It clearly shows the trend of a moderate
decrease in ion release from cycles 1 to 5, and reaching a
steady-state of ion re-release from cycles 6 to 12. These
results demonstrated that (1) the addition of DMAHDM
to the rechargeable NACP composite did not adversely
affect the ion recharge and re-release with increasing the
number of cycles; (2) The steady-state of ion re-release

(B) Rechargeable NACP-DMAHDM
(after 12 cycles)

Representative live/dead staining images of 2-day biofilms on composite
bars after the 12 cycles of recharge and re-release taking about 6 months to
complete.
(A) NACP composite without DMAHDM having live biofilm, (B) NACP-
DMAHDM composite with biofilms containing compromised bacteria.
Therefore, the 12 cycles of recharge and re-release did not diminish the anti-
biofilm potency of the NACP-DMAHDM composite.

indicates continuous ion recharge and re-release to
provide long-term ion availability for remineralization.
After 12 cycles of recharge and re-release taking
about 6 months in solution to complete, the composite
specimens were still able to kill the bacteria, as shown
in Fig. 7. The rechargeable-NACP composite with 0%
DMAHDM was predominantly covered with green
staining with 2-day biofilms. In contrast, the rechargeable
NACP-DMAHDM composite was predominantly covered
with compromised bacteria with red staining. Comparing
the live/dead staining images before and after the 12
cycles (Fig. 2 before cycling, and Fig. 7 after 12 cycles)
showed no noticeable differences. This indicates that the
DMAHDM composite maintained the potent antibiofilm
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properties after the 12 cycles of recharge.

DISCUSSION

The present study investigated an antibacterial and
remineralizing nanocomposite through the incorporation
of DMAHDM and NACP, and evaluated 12 cycles of ion
recharge and re-release for the first time, which took
6 months to test. The nanocomposite demonstrated
significant antibacterial effects, high levels of initial Ca
and P ion release, and long-term ion recharge and re-
release capabilities. Incorporating DMAHDM and NACP
into the nanocomposite did not adversely influence the
mechanical properties, which were similar to that of a
commercial composite. The incorporation of DMAHDM
did not compromise the Ca and P ion release and long-
term rechargeability of the composite in the 12 cycles,
while reducing biofilm quantity, lactic acid production,
and CFU counts by 3 to 4 logs.

Resin composites have become increasingly popular
due to their minimally invasive approach?, excellent
esthetics, and bonding to tooth structure?. However, the
durability of composites can be compromised by their
high tendency to accumulate biofilm/plaque?, resulting
in secondary caries and restoration failure!'®4-Y,
Previous studies have shown greater quantities of
the cariogenic mutans streptococci adhering to resin
composite restorations when compared to amalgam
and glass-ionomer®?. Replacement of failed restorations
usually occurs due to two main reasons: (1) secondary
caries, or (2) restoration fracture. Secondary caries
accounts for a greater percentage (87.6%) of all
replaced restorations®”$1%5  Resin composites are
more susceptible to developing secondary caries due
to the lack of any antibacterial components in their
composition, unlike amalgam and glass-ionomer
which contain antibacterial metal and fluoride ions,
respectively*1299, Therefore, it is highly desirable to
develop an antibacterial resin composite through the
addition of antibacterial components to kill cariogenic
bacteria and prevent the development of secondary
caries!'®!?.

Previous studies have incorporated antibacterial
agents, such as fluoride®® and zinc oxide nanoparticles
into various dental materials, which provided strong
antibacterial effects. However, due to their bacterial
selectivity and short-term effects, the search for other
antibacterial agents is still a work in progress®”. Soluble
disinfectant such as chlorhexidine®, triclosan®® and
antibiotics, such as vancomycin and metronidazole®”
were also added to resinous materials to provide
antimicrobial properties. However, these materials tend
to leach out to the surrounding environment and thus
become depleted over time, not only diminishing their
antibacterial properties but also resulting in a porous
filling material with reduced mechanical properties!?.

QAMs were developed and copolymerized within
the resin to provide long-term antibacterial effects
through contact inhibition mechanisms!>4%6)  The
antibacterial mechanism of action of QAMs is believed

to be through contact-killing. When the cationic agents
come in contact with the negatively-charged bacterial
cell membrane, they result in an electric imbalance and
major changes to the membrane permeability, leading to
lysis and subsequent bacterial cell death®. In addition,
QAMs with long alkyl chains can physically pierce the
bacterial cell wall, compromising its physical integrity
and releasing its cellular contents. The effect of the QAM
alkyl chain length (CL) has been evaluated in bonding
agents??. Their results showed that DMAHDM with CL
of 16 had the strongest antibacterial effect. This was
likely due to the dual killing effects on the bacterial cells
produced by the electric charge imbalance, as well as
the long alkyl chain penetrating the cell membranes?.
The composite in our present study used DMAHDM,
which provided the aforementioned dual antibacterial
mechanisms. In addition, another study demonstrated
the antibacterial effect of various DMAHDM
concentrations on three-dimensional (3D) biofilm using
confocal laser scanning microscopy®?. They showed that
increasing the concentration of DMAHDM reduced the
live biofilm volume and the percentage of live bacteria
throughout the biofilm thickness, which was attributed
to a triggered programmed cell death (PCD) in the
nearby bacteria in the 3D biofilm®. Various chemical
compositions of QAMs have been previously developed
and incorporated into dental resins including, quaternary
ammonium polyethyleneimine (QPEI) nanoparticles 14
and 12-methacryloyloxydodecylpyridinium bromide
(MDPB) that showed sustained and long-lasting
antibacterial effects that do not diminish over time,
without compromising other needed mechanical
properties of the material'®16395859 A previous study
investigated the effect of QAM alkyl chain length of
a series of antibacterial monomers on the cytotoxicity
of human gingival fibroblasts and odontoblast-like
cells in vitro®. The results showed that DMAHDM
had a minimal cytotoxicity that matched HEMA and
TEGDMA, with significantly less cytotoxicity than Bis-
GMA. In addition, they found that when using the cured
resin eluents on odontoblast-like cells, the cell viability
for the DMAHDM group was similar to the control group
using culture medium without any resin eluents?”.

In the present study, incorporating 3% DMAHDM
into the nanocomposite reduced lactic acid production
by S. mutans to one-tenth that of the commercial
control composite and reduced CFU counts by 3-4 logs,
when compared to other control groups. Lactic acid is
the primary acid that accounts for 70% of all bacteria-
produced acids responsible for tooth demineralization®®.
This renders the new rechargeable NACP-DMAHDM
composite to be a powerful tool to combat dental
caries. In a previous study, the antibacterial activity
of a rechargeable NACP-DMAHDM composite was
investigated via a dental plaque microcosm biofilm
model and showed a CFU reduction of 3 to 4 logs in S.
mutans biofilm alone, as well as in a total microorganism
biofilm??. These results were similar to the 3 log CFU
reduction achieved in the current study. Another
study investigated the antibacterial effects of different



686 Dent Mater J 2020; 39(4): 678—689

DMAHDM concentrations using a multispecies biofilm
model consisting of S. mutans, Streptococcus sanguinis
(S. sanguinis) and Streptococcus gordonii (S. gordonii),
and showed 2-3 logs in biofilm CFU reduction?. Lin et
al. investigated the antibacterial effects of DMAHDM-
containing composite against biofilms with 1, 3, 6 and
9 species of periodontal pathogens. Although their
results indicated a slightly decreasing killing-efficacy
of DMAHDM with increasing the number of bacterial
species, the composite was still able to reduce the nine-
species biofilm CFU by nearly 44 folds®®. These results
indicate that the DMAHDM-containing resin is effective
in inhibiting both single species and multispecies biofilms,
which warrant further study. In a previous study, the
effects of salivary pellicles on bonding agents containing
dimethylaminododecyl methacrylate (DMADDM) on
biofilm inhibition were investigated. Indeed, pre-coating
of salivary pellicles on the resins moderately reduced
the antibacterial effects of DMADDM. However, the
DMADDM-containing bonding agent resin still reduced
the biofilm CFU by nearly two orders of magnitude even
with the presence of salivary pellicle coating on the resin
surface®). In our current study, DMAHDM with a longer
alkyl chain than DMADDM was used, hence DMAHDM
had a stronger antibacterial activity than DMADDM.
Therefore, it is expected that the DMAHDM resin would
have a strong antibacterial function even with salivary
pellicle coating on the resin surface. Further studies
are needed to investigate a more complex multispecies
biofilm model with salivary protein pellicle coating to
better assess the antibacterial activity of the novel ion-
rechargeable NACP-DMAHDM composite.

QAMs have antibacterial effects against a wide
spectrum of microbes, including bacteria and fungi'®.
A limited number of studies investigated the possible
development of antibacterial drug-resistance against
QAMs. A recent study addressed the concerns of
persisters in S. mutans biofilm when using DMAHDM®®,
The tolerance of surviving S. mutans persisters in the
initial population to DMAHDM was not transferred to
the subsequent generations®®. DMAHDM-induced S.
mutans persister biofilms could be totally eradicated by
using higher concentrations of DMAHDM?®®. In addition,
no increase in minimum inhibitory concentration (MIC)
values was detected between S. mutans parental
strain and S. mutans persisters induced by DMAHDM,
indicating that the surviving bacterial strain was not a
resistant strain®. In another study by Kitagawa et al.,
the development of bacterial resistance using S. mutans
and Enterococcus faecalis (E. faecalis) after repeated
exposures to cationic antimicrobial agents was assessed.
They showed that after 10 passages of exposure to
cationic biocides, S. mutans and E. faecalis did not
exhibit any resistance to MDPB, a QAM antibacterial
agent®”. Therefore, while these studies indicated no oral
bacterial resistance to QAMs, further studies are needed
on the possible development of antibacterial drug-
resistance against QAMs after longer term exposures.

NACP has shown its smart ability to release
high levels of Ca and P ions especially at acidic

pH environments where demineralization of tooth
structure occurs, without negatively affecting the
mechanical properties®®*® of the material, and without
the presence of apatite seed crystallites to initiate the
remineralization process®®. Previous studies reported
the ability of nanocomposite containing NACP and a
poly (amido-amine) (PAMAM) dendrimer as nucleation
template to remineralize the pre-demineralized human
dentin in a cyclic artificial saliva/lactic acid challenge
environment and increase dentin hardness to match
the hardness of pre-demineralized dentin® . Utilizing
a human-in situ model, a NACP containing composite
was also able to inhibit caries formation through the
release of high levels of Ca and P ions that increased
at lower cariogenic pH levels*. When microradiographs
were taken, less carious lesions were observed in enamel
around the NACP containing composite, when compared
to commercial control*®. Recently, a rechargeable NACP-
composite was developed and demonstrated Ca and P
ion recharge and re-release capabilities?*?. However,
the rechargeability of the NACP-composite was tested
over a short duration. The present study developed an
antibacterial and rechargeable NACP-composite and
investigated its long-term ability to recharge and re-
release Ca and P ions.

The results of the current study showed that
incorporating 20% NACP into the composite released
high levels of Ca and P ions and was successfully
recharged with Ca and P ions over 12 cycles of ion
recharge and re-release, allowing the composite to serve
as a Ca and P ions reservoir capable of providing long-
term remineralization. Previous studies on resin-based
Ca-P cements released Ca and P ions at levels of 0.3
and 0.05 mmol/L, respectively, which were shown to be
sufficient to remineralize tooth lesions'®. The present
study incorporated NACP with a much smaller particle
size of 116 nm and a higher surface area of 17.76 m?/g
when compared to 0.5 m?%g of traditional CaP particles.
The NACP-composite in the present study released 0.36
and 0.3 mmol/L of Ca and P ions, respectively, after 12
cycles of recharge and re-release. These findings indicate
that the levels of Ca and P ion releases exceeded the
needed levels for remineralization as shown by previous
studies?®. Therefore, the present rechargeable composite
possessed a long-term ion-release and remineralization
capability.

The EBPM resin used in the present study is
responsible for the rechargeability of the composite,
due to the presence of the PMGDM monomer. PMGDM
contains active carboxylate groups that can chelate with
Ca or P ions in recharge solutions at pH 7. During an
acidic attack, the bond between the PMGDM and Ca
ions can break, releasing these ions into the surrounding
surfaces. After the initial Ca and P ion release, the sites
previously occupied by the Ca and P ions become vacant
to accept incoming ions from the recharge solution. This
Ca and P chelation ability allows for ion release and re-
uptake by the EBPM resin®”. The recharge solution used
in the present study simulates a potential mouthwash
containing Ca and P ions that can be used by the patient
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for 3 min/day for one day, which can provide two weeks
of continuous ion release. This could be especially
beneficial for high caries risk patients.

The incorporation of NACP and DMAHDM into the
composite produced antibacterial and remineralization
capabilities without compromising the flexural strength
and modulus of elasticity of the material. It is important
for composite to be strong and capable of withstanding
high chewing forces, especially when used in Class I
and Class II restorations. The uncompromised flexural
strength of the NACP-DMAHDM composite can be
attributed to the addition of the reinforcing glass
particles. Surface roughness is another important
property for resin-composites, as rough restoration
surfaces retain more plaque, cause superficial staining,
and gingival inflammation; and thus affect the whole
clinical performance of the dental restoration™"™.
Incorporating DMAHDM and NACP into the composite
showed surface roughness values similar to that of
commercial control.

The rechargeable NACP-DMAHDM composite
retained its antibacterial activity after 12 cycles of
recharge, maintaining the bacterial killing ability.
This is attributed to the immobilization of DMAHDM
within the resin, thus providing long-term antibacterial
effects. Our findings are consistent with findings of
previous studies where the antibacterial effects of
DMAHDM were maintained after one year of water
aging™. DMADDM, a QAM with a shorter alkyl chain
showed a similar trend in maintaining its antibacterial
properties after 6 months of water-aging”™. Hence,
this bioactive and therapeutic composite can shift the
clinical practice into a more conservative and minimally
invasive practice by killing remaining bacteria and
remineralizing demineralized tooth lesions due its
antibacterial properties, remineralization capability,
and long-term recharge and re-release effect. Further
studies are needed to investigate caries-inhibition
using an in-situ model simulating clinical applications
to evaluate the efficacy of the rechargeable NACP-
DMAHDM composite.

CONCLUSION

This study investigated a novel DMAHDM-NACP
composite with strong antibacterial and ion recharge
capabilities, demonstrating long-term Ca and P ion
release and remineralization potential with high levels
of Ca and P ion release even after 6 months of recharge
and re-release. DMAHDM reduced S. mutans biofilm
CFU by nearly 4 logs, without adversely affecting
the composite mechanical properties and ion release
and rechargeability. Additionally, this rechargeable
composite provided substantial recharge and sustained
release of Ca and P ions for potential long-term
remineralization and caries-reduction effects. Both the
rechargeable NACP composite and the rechargeable
NACP-DMAHDM composite presented similar levels
of Ca and P ion release, recharge and re-release, that
reached a steady-state as the number of recharge

and re-release cycles increased. Furthermore, the
rechargeable NACP-DMAHDM composite was able
to maintain its potent antibacterial effect even after 6
months of recharge and re-release. Therefore, the long-
term rechargeable NACP-DMAHDM composite with
much less biofilm growth and lactic acid production is
promising to inhibit caries, prevent demineralization,
and enhance remineralization of tooth structures.

ACKNOWLEDGMENTS

We thank Drs. Nancy J. Lin, Pei Feng, Laurence C. Chow,
Suping Wang and Joseph M. Antonucci for discussions
and experimental help. This work was supported
by University of Maryland Baltimore PhD graduate
program, Beijing Hospitals’ Program ZYLX201703 (YB),
University of Maryland School of Dentistry bridging
fund (HX), and University of Maryland Baltimore seed
grant (HX).

REFERENCES

1) Lynch CD, Frazier KB, McConnell RJ, Blum IR, Wilson
NH. State-of-the-art techniques in operative dentistry:
contemporary teaching of posterior composites in UK and
Irish dental schools. Br Dent J 2010; 209: 129-136.

2) Lynch CD, Frazier KB, McConnell RJ, Blum IR, Wilson
NH. Minimally invasive management of dental caries:
contemporary teaching of posterior resin-based composite
placement in U.S. and Canadian dental schools. J Am Dent
Assoc 2011; 142: 612-620.

3) Ferracane JL. Placing dental composites: a stressful
experience. Oper Dent 2008; 33: 247-257.

4) Beyth N, Domb AdJ, Weiss EI. An in vitro quantitative
antibacterial analysis of amalgam and composite resins. J
Dent 2007; 35: 201-206.

5) Kawai K, Tsuchitani Y. Effects of resin composite components
on glucosyltransferase of cariogenic bacterium. J Biomed
Mater Res 2000; 51: 123-127.

6) Thomas RZ, van der Mei HC, van der Veen MH, de Soet JJ,
Huysmans MC. Bacterial composition and red fluorescence
of plaque in relation to primary and secondary caries next to
composite: an in situ study. Oral Microbiol Immunol 2008; 23:
7-13.

7) Bernardo M, Luis H, Martin MD, Leroux BG, Rue T, Leitao
dJ, et al. Survival and reasons for failure of amalgam versus
composite posterior restorations placed in a randomized
clinical trial. J Am Dent Assoc 2007; 138: 775-783.

8) Ferracane JL. Resin composite: state of the art. Dent Mater
2011; 27: 29-38.

9) Deligeorgi V, Mjor IA, Wilson NH. An overview of reasons
for the placement and replacement of restorations. Prim Dent
Care 2001; 8: 5-11.

10) Sarrett DC. Clinical challenges and the relevance of materials
testing for posterior composite restorations. Dent Mater 2005;
21: 9-20.

11) Jokstad A, Bayne S, Blunck U, Tyas M, Wilson N. Quality of
dental restorations. FDI Commission Project 2-95. Int Dent J
2001; 51: 117-158.

12) Nedeljkovic I, Teughels W, De Munck J, Van Meerbeek B,
Van Landuyt KL. Is secondary caries with composites a
material-based problem? Dent Mater 2015; 31: e247-277.

13) Beyth N, Farah S, Domb AdJ, Weiss EI. Antibacterial dental
resin composites. React Funct Polym 2014; 75: 81-88.

14) Beyth N, Yudovin-Farber I, Bahir R, Domb AJ, Weiss
EI. Antibacterial activity of dental composites containing



688

Dent Mater J 2020; 39(4): 678—689

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

34)

quaternary ammonium polyethylenimine nanoparticles
against Streptococcus mutans. Biomaterials 2006; 27: 3995-
4002.

Imazato S. Antibacterial properties of resin composites and
dentin bonding systems. Dent Mater 2003; 19: 449-457.
Imazato S. Bio-active restorative materials with antibacterial
effects: new dimension of innovation in restorative dentistry.
Dent Mater J 2009; 28: 11-19.

Ge Y, Wang S, Zhou X, Wang H, Xu HH, Cheng L. The use
of quaternary ammonium to combat dental caries. Materials
(Basel) 2015; 8: 3532-3549.

Imazato S, Ma S, Chen JH, Xu HH. Therapeutic polymers for
dental adhesives: loading resins with bio-active components.
Dent Mater 2014; 30: 97-104.

He J, Soderling E, Osterblad M, Vallittu PK, Lassila LV.
Synthesis of methacrylate monomers with antibacterial
effects against S. mutans. Molecules 2011; 16: 9755-9763.

Li F, Weir MD, Xu HH. Effects of quaternary ammonium
chain length on antibacterial bonding agents. J Dent Res
2013; 92: 932-938.

Zhang K, Cheng L, Weir MD, Bai YX, Xu HH. Effects of
quaternary ammonium chain length on the antibacterial and
remineralizing effects of a calcium phosphate nanocomposite.
Int J Oral Sci 2016; 8: 45-53.

Zhou C, Weir MD, Zhang K, Deng D, Cheng L, Xu HH.
Synthesis of new antibacterial quaternary ammonium
monomer for incorporation into CaP nanocomposite. Dent
Mater 2013; 29: 859-870.

Wang H, Wang S, Cheng L, Jiang Y, Melo MAS, Weir MD,
et al. Novel dental composite with capability to suppress
cariogenic species and promote non-cariogenic species in oral
biofilms. Mater Sci Eng C Mater Biol Appl 2019; 94: 587-
596.

Wang L, Xie X, Li C, Liu H, Zhang K, Zhou Y, et al. Novel
bioactive root canal sealer to inhibit endodontic multispecies
biofilms with remineralizing calcium phosphate ions. J Dent
2017; 60: 25-35.

Wu J, Weir MD, Melo MA, Xu HH. Development of novel
self-healing and antibacterial dental composite containing
calcium phosphate nanoparticles. J Dent 2015; 43: 317-326.
Zhang N, Ma J, Melo MA, Weir MD, Bai Y, Xu HH. Protein-
repellent and antibacterial dental composite to inhibit
biofilms and caries. J Dent 2015; 43: 225-234.

Moreau JL, Sun L, Chow LC, Xu HH. Mechanical and acid
neutralizing properties and bacteria inhibition of amorphous
calcium phosphate dental nanocomposite. J Biomed Mater
Res B Appl Biomater 2011; 98: 80-88.

Xu HH, Moreau JL, Sun L, Chow LC. Nanocomposite
containing amorphous calcium phosphate nanoparticles for
caries inhibition. Dent Mater 2011; 27: 762-769.

Al-Dulaijan YA, Cheng L, Weir MD, Melo MAS, Liu H,
Oates TW, et al. Novel rechargeable calcium phosphate
nanocomposite with antibacterial activity to suppress biofilm
acids and dental caries. J Dent 2018; 72: 44-52.

Zhang L, Weir MD, Chow LC, Antonucci JM, Chen J, Xu HH.
Novel rechargeable calcium phosphate dental nanocomposite.
Dent Mater 2016; 32: 285-293.

Al-Qarni FD, Tay F, Weir MD, Melo MAS, Sun J, Oates TW,
et al. Protein-repelling adhesive resin containing calcium
phosphate nanoparticles with repeated ion-recharge and re-
releases. J Dent 2018; 78: 91-99.

Al-Dulaijan YA, Weir MD, Melo MAS, Sun J, Oates TW, Zhang
K, et al. Protein-repellent nanocomposite with rechargeable
calcium and phosphate for long-term ion release. Dent Mater
2018; 34: 1735-1747.

Xu H, Zhang L, Weir M. Rechargeable calcium phosphate-
containing dental resinous materials. US Provisional Patent
Application 2015; 438.

Antonucci JM, Zeiger DN, Tang K, Lin-Gibson S, Fowler BO,

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

45)

46)

47)

48)

49)

50)

51)

52)

53)

54)

55)

Lin NJ. Synthesis and characterization of dimethacrylates
containing quaternary ammonium functionalities for dental
applications. Dent Mater 2012; 28: 219-228.

Trujillo-Lemon M, Ge J, Lu H, Tanaka J, Stansbury JW.
Dimethacrylate derivatives of dimer acid. J Polym Sci Part A
Polym Chem 2006; 44: 3921-3929.

I. Standard 4049. Dentistry—Polymer—Based Restorative
Materials. International Organization for Standardization,
Geneva Switzerland. 2009.

Isabel CAC, Dominguette AAS, Santos SGD, Ribeiro JCR,
MoysEs MR. Surface roughness of a resin composite. RGO-
Revista Gatcha de Odontologia 2016; 64: 50-55.

Attar N. The effect of finishing and polishing procedures
on the surface roughness of composite resin materials. J
Contemp Dent Pract 2007; 8: 27-35.

Imazato S, Ehara A, Torii M, Ebisu S. Antibacterial activity
of dentine primer containing MDPB after curing. J Dent
1998; 26: 267-271.

Gama-Teixeira A, Simionato MRL, Elian SN, Sobral MAP,
Luz MAAdC. Streptococcus mutans-induced secondary
caries adjacent to glass ionomer cement, composite resin and
amalgam restorations in vitro. Braz Oral Res 2007; 21: 368-
374.

Banas J, Vickerman M. Glucan-binding proteins of the oral
streptococci. Crit Rev Oral Biol Med 2003; 14: 89-99.
Mayanagi G, Igarashi K, Washio J, Domon-Tawaraya H,
Takahashi N. Effect of fluoride-releasing restorative materials
on bacteria-induced pH fall at the bacteria—material interface:
An in vitro model study. J Dent 2014; 42: 15-20.

Zhang K, Wang S, Zhou X, Xu HH, Weir MD, Ge Y, et al.
Effect of antibacterial dental adhesive on multispecies
biofilms formation. J Dent Res 2015; 94: 622-629.

Zhang K, Melo MA, Cheng L., Weir MD, Bai Y, Xu HH. Effect
of quaternary ammonium and silver nanoparticle-containing
adhesives on dentin bond strength and dental plaque
microcosm biofilms. Dent Mater 2012; 28: 842-852.

Melo MA, Weir MD, Rodrigues LK, Xu HH. Novel calcium
phosphate nanocomposite with caries-inhibition in a human
in situ model. Dent Mater 2013; 29: 231-240.

Dickens SH, Flaim GM, Takagi S. Mechanical properties and
biochemical activity of remineralizing resin-based Ca-PO4
cements. Dent Mater 2003; 19: 558-566.

Langhorst SE, ODonnell JN, Skrtic D. In vitro
remineralization of enamel by polymeric amorphous calcium
phosphate composite: quantitative microradiographic study.
Dent Mater 2009; 25: 884-891.

Xie XdJ, Xing D, Wang L, Zhou H, Weir MD, Bai YX, et al. Novel
rechargeable calcium phosphate nanoparticle-containing
orthodontic cement. Int J Oral Sci 2017; 9: 24-32.

Dummer PM, Harrison KA. In vitro plaque formation on
commonly used dental materials. J Oral Rehabil 1982; 9: 413-
417.

Leinfelder KF. Do restorations made of amalgam outlast
those made of resin-based composite? J Am Dent Assoc 2000;
131: 1186-1187.

Svanberg M, Mjor IA, Orstavik D. Mutans streptococci in
plaque from margins of amalgam, composite, and glass-
ionomer restorations. J Dent Res 1990; 69: 861-864.
Demarco FF, Correa MB, Cenci MS, Moraes RR, Opdam
NdJ. Longevity of posterior composite restorations: not only a
matter of materials. Dent Mater 2012; 28: 87-101.

Xu HH, Moreau JL, Sun L, Chow LC. Novel CaF:
nanocomposite with high strength and fluoride ion release. J
Dent Res 2010; 89: 739-745.

Aydin Sevinc B, Hanley L. Antibacterial activity of dental
composites containing zinc oxide nanoparticles. J Biomed
Mater Res B Appl Biomater 2010; 94: 22-31.

Leung D, Spratt DA, Pratten J, Gulabivala K, Mordan NdJ,
Young AM. Chlorhexidine-releasing methacrylate dental



Dent Mater J 2020; 39(4): 678-689

689

56)

57)

58)

59)

60)

61)

62)

63)

64)

65)

composite materials. Biomaterials 2005; 26: 7145-7153.
Rathke A, Staude R, Muche R, Haller B. Antibacterial activity
of a triclosan-containing resin composite matrix against three
common oral bacteria. J Mater Sci Mater Med 2010; 21: 2971-
29717.

Kudou Y, Obara K, Kawashima T, Kubota M, Abe S, Endo T,
et al. Addition of antibacterial agents to MMA-TBB dentin
bonding systems —influence on tensile bond strength and
antibacterial effect. Dent Mater J 2000; 19: 65-74.

Ebi N, Imazato S, Noiri Y, Ebisu S. Inhibitory effects of resin
composite containing bactericide-immobilized filler on plaque
accumulation. Dent Mater 2001; 17: 485-491.

Imazato S, Ebi N, Takahashi Y, Kaneko T, Ebisu S, Russell
RR. Antibacterial activity of bactericide-immobilized filler for
resin-based restoratives. Biomaterials 2003; 24: 3605-3609.
Melo MA, Guedes SF, Xu HH, Rodrigues LK. Nanotechnology-
based restorative materials for dental caries management.
Trends Biotechnol 2013; 31: 459-467.

Xu X, Wang Y, Liao S, Wen ZT, Fan Y. Synthesis and
characterization of antibacterial dental monomers and
composites. J Biomed Mater Res B Appl Biomater 2012; 100:
1151-1162.

Zhou H, Liu H, Weir MD, Reynolds MA, Zhang K, Xu HH.
Three-dimensional biofilm properties on dental bonding
agent with varying quaternary ammonium charge densities.
J Dent 2016; 53: 73-81.

Melo MA, Orrego S, Weir MD, Xu HH, Arola DD. Designing
multiagent dental materials for enhanced resistance to biofilm
damage at the bonded interface. ACS Appl Mater Interfaces
2016; 8: 11779-11787.

Wang L, Xie X, Qi M, Weir MD, Reynolds MA, Li C, et al.
Effects of single species versus multispecies periodontal
biofilms on the antibacterial efficacy of a novel bioactive
Class-V nanocomposite. Dent Mater 2019; 35: 847-861.

Li F, Weir MD, Fouad AF, Xu HH. Effect of salivary pellicle on
antibacterial activity of novel antibacterial dental adhesives
using a dental plaque microcosm biofilm model. Dent Mater

66)

67)

68)

69)

70)

71)

72)

73)

74)

2014; 30: 182-191.

Wang S, Zhou C, Ren B, Li X, Weir MD, Masri RM, et al.
Formation of persisters in Streptococcus mutans biofilms
induced by antibacterial dental monomer. J Mater Sci Mater
Med 2017; 28: 178.

Kitagawa H, Izutani N, Kitagawa R, Maezono H, Yamaguchi
M, Imazato S. Evolution of resistance to cationic biocides
in Streptococcus mutans and Enterococcus faecalis. J Dent
2016; 47: 18-22.

Padovani GC, Feitosa VP, Sauro S, Tay FR, Duran G,
Paula AJ, et al. Advances in dental materials through
nanotechnology: facts, perspectives and toxicological aspects.
Trends Biotechnol 2015; 33: 621-636.

Liang K, Weir MD, Xie X, Wang L, Reynolds MA, Li J, et al.
Dentin remineralization in acid challenge environment via
PAMAM and calcium phosphate composite. Dent Mater 2016;
32: 1429-1440.

Weir MD, Chow L.C, Xu HH. Remineralization of demineralized
enamel via calcium phosphate nanocomposite. J Dent Res
2012; 91: 979-984.

Reis AF, Giannini M, Lovadino JR, dos Santos Dias CT. The
effect of six polishing systems on the surface roughness of two
packable resin-based composites. Am J Dent 2002; 15: 193-
197.

Yap AU, Lye KW, Sau CW. Surface characteristics of tooth-
colored restoratives polished utilizing different polishing
systems. Oper Dent 1997; 22: 260-265.

Cheng L, Zhang K, Zhou CC, Weir MD, Zhou XD, Xu HH.
One-year water-ageing of calcium phosphate composite
containing nano-silver and quaternary ammonium to inhibit
biofilms. Int J Oral Sci 2016; 8: 172-181.

Zhang K, Cheng L, Wu EJ, Weir MD, Bai Y, Xu HH.
Effect of water-ageing on dentine bond strength and anti-
biofilm activity of bonding agent containing new monomer
dimethylaminododecyl methacrylate. J Dent 2013; 41: 504-
513.



